Two-fluid Dean vortex flow in a coiled pipe with vanishing torsion, and its effect on the mass transfer through the liquid-liquid interface of two immiscible fluids are studied numerically. The liquids are stratified by gravity, with the denser one occupying the lower part of the pipe. The Navier-Stokes equations in both fluid layers are solved numerically by the finite volume method. The results reveal a detailed structure of the transverse flow ͑the Dean vortices͒ in coiled pipes with the dimensionless curvature 0.1. Both cocurrent and countercurrent axial flows in the fluid layers are considered. Using the flow fields predicted, the mass transfer equation is solved. It is shown that the mass transfer of a passive scalar ͑say, a protein with the Schmidt number of the order of 10 3 ) through the interface can be significantly enhanced by the Dean vortices, so that the mass transfer rate can be increased by three to four times. This makes the Dean vortex flow an effective tool for mass transfer enhancement at the liquid-liquid interface. It is shown that the Dean flow provides a stronger mixing than the Taylor-Couette flow. It is also shown that there exists an optimal axial flow rate in terms of this enhancement. The optimal flow corresponds to the value of the Dean number of about 180. In the countercurrent flow case the Dean vortices can split, which has a negative effect on the mass transfer enhancement. Both the cocurrent and countercurrent axial flows yield a similar enhancement effect on the interfacial mass transfer rate. The problem is related to the search for novel bioseparator devices.
I. INTRODUCTION
In the present study, the effect of a two-fluid Dean vortical flow on mass transfer through an interface separating two immiscible liquids is examined. The study is motivated by the problem of extraction of admixtures having extremely low diffusion coefficients, e.g., proteins. Since purely diffusional mass transfer of such admixtures is too slow and has to be enhanced, mixing by vortical flows is called for. 1 In such flows the vortices inside each fluid transport the admixture toward the interface, which yields steeper concentration gradients there. As a result, the mass fluxes through the interface increase and the mass transfer intensifies, even though the diffusion coefficient remains small. The first experimental attempt in this direction was made in Ref. 2 , with two-fluid Taylor-Couette vortical flow used in a specially designed bioseparator/bioreactor. This configuration was further studied theoretically and numerically in Ref. 3 , where the effect of the Taylor vortices and of the axial throughflow on the mass transfer rates was investigated. Practical application of the two-fluid Taylor-Couette apparatus was found to be problematic because the contact of the rapidly rotating cylindrical boundaries ͑e.g., in the experiments 2 the rotation rate exceeded 10 rev/s͒ with the stationary closed ends leads to instability of the liquid-liquid interface. This instability was also observed numerically by the present group. It was compared to the experimental results obtained using the device of Refs. 1 and 2, and the results will be published in a separate paper. Search for configurations in which the vortical flow can be generated without motion of the boundaries, and which can be implemented in novel bioseparators/ bioreactors, led to study of stationary dc streaming generated in emulsions, 4 thin channels with capillary waves, 5 and of natural-convection flow in two-layer horizontal annuli.
The Dean vortices arising in coiled pipe single-liquid flows are known as an effective means for heat and mass transfer enhancement ͑see Refs. 6 -11 and references therein͒. In particular, Refs. 6 and 7 were motivated by the need to prevent buildup of retained solute concentration near a membrane in a reverse osmosis system. In these works it was shown that the concentration buildup, known as concentration polarization, can be significantly reduced if solutions are supplied through curved channels, where the Dean vortices arise. The Dean vortices effectively mix the retained solute and this results in depolarization and a significant increase in the transmembrane flux. In Refs. 6 and 7, as well as in the previous works of that group, direct numerical simulation was used to calculate the velocity fields in curved channels and pipes with single fluid flowing under different conditions ͑different Reynolds numbers, channel curvature, etc.͒. Comparison with the experimental data obtained by means of magnetic resonance flow imaging showed that the numerical results are capable of reproducing the details of the secondary flows ͑the Dean vortices͒ rather accurately in-cluding bifurcations of the additional vortices. Based on the numerically generated velocity fields, the concentration field was calculated numerically in Ref. 7 , where it was shown that concentration polarization in curved channels can be significantly inhibited by the Dean vortices as compared to that in flat channels ͑where the secondary vortices do not arise͒.
The present work deals in the same context, with mass transfer enhancement by the Dean vortices developing in coiled pipes of circular cross section filled by two liquid layers formed by immiscible fluids. The flow is driven by the pressure gradient, which acts along the pipe centerline and can be the same or different in the fluid layers. The Dean vortices, driven by the excessive centrifugal force, develop in each layer. It is assumed that each fluid layer occupies half of the pipe cross section. For a preliminary insight into the possibility of the mass transfer enhancement, we consider a helical pipe with vanishing torsion, 12, 13 so that the flow region reduces to a circular pipe coiled in a circle. The two immiscible liquid layers, stratified by gravity, then occupy the lower and upper parts of the torus so that the interface coincides with the symmetry plane. To the best of our knowledge, such two-liquid flow in a coiled pipe has never been considered before. The emergence of Dean vortices in twofluid Dean flows, which are the counterpart of the classical Dean problem, 14 was demonstrated in Ref. 15 , where channel flow was considered. In the present work novel results on two-fluid flow in coiled pipes ͑the counterpart of the singlefluid flow of Ref. 16͒ are discussed. In particular, the patterns of the Dean vortices, as well as the quantitative results on the Dean-vortex-enhancement of the mass transfer through the liquid-liquid interface are revealed.
Section II presents the problem formulation and briefly discusses the numerical technique employed. The results are presented and discussed in Sec. III. Conclusions are drawn in Sec. IV.
II. FORMULATION OF PROBLEM AND NUMERICAL TECHNIQUE
To estimate the effect of the Dean vortices on the mass transfer we follow Ref. 13 and consider a helical pipe with vanishing torsion. Thus, we consider the flow in a pipe with circular cross section of radius a, coiled in a circle of radius A. Following the classical Dean formulation, 16 it can be interpreted as flow in a torus with centerline of radius A and cross section of radius a. The flow region is shown schematically in Fig. 1 . The upper and lower halves of the torus are filled with two immiscible liquids, denoted 1 and 2. The problem is considered in the coordinate system (r,,s), where (r,) are the polar coordinates in the cross section of the pipe, and s is the arclength along the centerline of the torus. 17 It is assumed that the flow is driven by constant pressure gradients G 1 and G 2 in the s direction, which can be different in each of the liquid layers. In the case of unequal pressures and pressure gradients in the layers, the interface is assumed to be slightly inclined and, as a result, stabilized by gravity. It is also assumed that the liquid-liquid interface is nondeformable and located approximately at the plane ϭϮ/2 and that the mass transfer does not affect the flow. Denoting all the variables and parameters related to liquids 1 and 2 by the corresponding subscripts, the flow in each layer is described by the dimensionless momentum and continuity equations , and G 1 a, respectively, so that the value of the dimensionless external pressure gradient in layer 1 is reduced to unity. The nondimensional parameter R ϭ (a/ 1 )ͱG 1 a 1 is thus the analog of the Reynolds number. Details on the momentum and continuity equations in the chosen coordinate system are given in Appendix A. Note that an additional governing parameter is the dimensionless curvature of the pipe, ϭa/A. Note also that gravity is assumed to be fully offset by the steady-state component of the vertical pressure gradient, whereby both factors are eliminated from Eqs. ͑1͒ and ͑3͒.
It is emphasized that the above-introduced nondimensional parameter R is a formal ratio of the inertial to viscous forces. On the other hand, it is desirable to introduce also the Reynolds number Re based on the mean flow velocity W 1 corresponding to the single-layer flow ͑liquid 1 only͒ in a straight pipe of radius a. According to the Poiseuille formula , xϭϪr sin͑ ͒, ͑15͒
and the mass fraction that has diffused into the liquid layer 2
where /2 is the area of half the dimensionless pipe cross section of unit radius. The local Sherwood number ͑15͒ is unobtainable near rϭ0 and should be calculated separately for xϽ0 and xϾ0 or, respectively, ϭϩ/2 and ϭϪ/2. It is emphasized that in our discussion of the mass transfer we use the flow pattern and x axis corresponding to cross section A of Fig. 1 . The problems ͑1͒-͑8͒ and ͑9͒-͑14͒ were solved numerically. The finite volume method was used with the SIMPLE velocity-pressure decoupling algorithm and a semi-implicit three-level time integration scheme. It was used for swirling flows in a cylindrical container 21 and for study of masstransfer enhancement due to Taylor 3 and natural convection vortices. The code was validated additionally for single-fluid flow against the analytical solution for small R, , Re, and D ͑see Appendix B͒ and against the results of Refs. 13, 22, and 23 for relatively large Dean numbers. The steady-state fluid flow could be calculated with a dimensionless time step ϭ0.1 for Dр200, and with ϭ0.01 for 200рDр6000 ͑usu-ally, several thousands of time steps are needed to reach a converged solution at large D͒.
To ensure numerical stability of the mass transfer calculations at the large Peclet numbers characteristic of proteins (PeϳO(10 5 )), the calculations were performed with a smaller time step ϭ10
Ϫ3 . The reported flow and masstransfer calculations were done on the same uniform staggered grid. Jumps of the physical properties over the liquidliquid interface were smoothed as in Ref. 3 . To ensure meshand time-step independence of the results, the calculations for the largest value of the Peclet number (Peϭ10 5 ) were repeated on 100ϫ200 and 150ϫ300 grids in the r and directions, respectively, with time steps ϭ10
Ϫ3 and 10 Ϫ4 .
No significant changes were found. Most of the masstransfer results reported in the following refer to the 100 ϫ200 grid and ϭ10 Ϫ3 . Following Ref. 24 we define the characteristic turnover, averaging, and diffusion time as T e ϭ( 1 a/G 1 )
, we obtain the following dimensionless values: T e ϭ1, T a ϭPe 1/3 , T d ϭPe. In the calculations reported in the following 10 3 рPeр10 5 . The range of integration in time for the mass-transfer problem was 200 for Peϭ10 3 , 1000 for Peϭ10 4 , and 10 000 for Peϭ10 5 , i.e., the integration time was always longer than the averaging time and shorter than the diffusion time.
III. RESULTS AND DISCUSSION
In the calculations the parameter R was varied from 1 to 100 or 120 and the Peclet number Pe from 10 3 to 10 5 . Thus, the maximal Schmidt number ScϭPe/R was 10 3 for R ϭ100 and even larger for smaller R. The dimensionless curvature of the tube was typically taken as ϭ0.1. The variation of R in the range 1рRр120 corresponds to that of the Dean number 0.45рDр6440. The other governing parameters were fixed. We considered the cases of cocurrent and countercurrent axial flow in the two layers, corresponding to G 21 ϭ1 and Ϫ1, respectively. In most of the calculations the fixed property ratios of the liquids were chosen as 21 ϭ1.4, 21 ϭ0.96, and D 21 ϭ1.1, and the values of the density and viscosity ratios were taken from the experiment. 1 Since the physical properties of the two protein solutions should be close, the value of D 21 was chosen close to unity.
A. Flow patterns
The calculated flow patterns in the cocurrent and countercurrent flows are plotted in Figs. 2 and 3. All the isolines are equally spaced, except for the streamlines in Fig. 3͑a͒ where two additional levels are added to illustrate the appearance of additional vortices. The positive and negative contours of the stream function correspond to the clockwise and counterclockwise motion, respectively.
In the case of the cocurrent flow (G 21 ϭ1, Fig. 2͒ the maximal value of the axial velocity is located close to ͑but not at͒ the center plane ͑note that in the single liquid case this maximum is always exactly at the center plane 3,13,18 -20 ͒. In the two-fluid case considered here the advection of the axial velocity takes place in each of the layers separately. Therefore, one can expect appearance of one maximum of the axial velocity in each layer. However, with the parameters used in the present calculations, development of two local maxima was not observed; it could probably happen if the density and viscosity differentials between the liquids were larger. The transverse flows consist of a pair of the Dean vortices with one vortex in each layer as in the classical Dean case of a single-liquid flow. With increase of the parameter R ͑i.e., of the Reynolds or the Dean numbers, Re and D͒, the maximum of the axial velocity is advected toward the outer part of the solid boundary, and a boundary layer of the axial velocity forms there. Also, with the increase of the parameter R ͑or Re and D͒ the ''eyes'' of the vortices are pushed backwards and outwards, as shown in Fig. 2 single-fluid flow in a curved pipe, based on their numerical and experimental results. The maximum and minimum of the stream functions shift in the opposite direction-toward the inner boundary and the liquid-liquid interface. Development of the boundary layer is a common observation for the single-liquid case. 18 -20 Note that due to the action of the centrifugal force, which is directed toward the outer part of the toroidal boundary and is maximal near the interface, the motion along the latter is also directed from the inner ͑left-hand͒ to the outer ͑right-hand͒ part of the solid ͑toroidal͒ boundary.
In the case of countercurrent flow (G 21 ϭϪ1, Fig. 3͒ there are two maxima of the axial velocity, one in each layer. Near these maxima the centrifugal force drives the transverse flow toward the outer part of the boundary, so that the flow returns to the inner part along the interface. Therefore, the direction of motion along the interface is opposite to that in the cocurrent case ͑cf. pected, increases monotonically ͑Fig. 4͒; the increase is linear at small values of RϽ20 (DϽ179), where viscous dissipation is significant, and slows down at larger R ͑or larger D͒.
As mentioned, in the case of cocurrent flow there is a single Dean vortex in each layer ͑Fig. 2͒. The maximal value of the stream function yields a coarse estimate of the vortex intensity, and consequently an estimate of the mixing speed of a passive scalar inside the vortex. It was unexpectedly found that in the cocurrent flow case the dependencies max (R) are nonmonotonic and reach a maximum at a certain value of the parameter R ͓Fig. 5͑a͔͒. Therefore the dependence of the mass transfer rate on the Reynolds number should also be nonmonotonic, and indeed, we shall see in the following that it also has a maximum at a certain moderate value of R ͑or D͒.
In the case of countercurrent flow the maximal absolute values of the stream function increase monotonically with the Reynolds number ͓Fig. 5͑b͔͒. However, in this case there can be two vortices in each of the layers subdivided by sections of the streamline ϭ0, which do not coincide with the interface ͑Fig. 3͒, and part of the passive scalar should be transported through the boundary separating two steady vortices. Therefore, there is no direct relation between the intensity of the strongest vortices and the mixing rate of a passive scalar at the interface. To characterize the mixing rate inside a vortex ͑Sec. III͒ we introduce the following measure:
where S vortex is the dimensionless area occupied by the vortex and /2 is the total area of the layer ͑the dimensionless radius of the pipe cross section is equal to 1͒. The area S vortex corresponds to the area occupied by the vortices bounded by the interface and the streamline ϭ0 marked by numeral zero in each of the layers in the lower frames in Fig. 3 . The value of ⌽ is sensitive to both the vortex intensity ͉ max ͉ and the fraction of the layer occupied by it. Variation of the quantity ⌽ with R is shown in Fig. 5͑b͒ . It is seen that for R Ͼ60, ⌽ does not change strongly, and has a smooth maximum at RϷ100. Therefore in the countercurrent case, the mixing rate is not expected to change strongly for 60рR р120 (1610рDр6440). For aqueous solutions ( 1 ϭ1 g/cm 3 and 1 ϭ10 Ϫ2 g/(cm s)) in a pipe of aϭ1 cm the pressure gradient G 1 can be estimated as 0.08 and 8 Pa/m for Rϭ10 and 100, respectively. This corresponds to the respective maximal transverse velocities of approximately 0.11 and 2.8 cm/s for the cocurrent, and to 0.045 and 1.9 cm/s for the countercurrent flow. The smaller maximal transverse velocity in the latter case reflects the splitting of the vortices in each fluid layer in the former. For comparison, the velocity of the secondary meridional flow in a two-layer Taylor-Couette apparatus 3 was found to be of the order of 0.6 cm/s under realistic conditions, and the velocity of a two-layer natural convection flow was estimated as 0.17 cm/s. The results show that the Dean vortices in two-layer systems are stronger than the corresponding Taylor-Couette or naturalconvection counterparts. Thus novel bioseparators based on the Dean vortices can be expected to be more effective than those based on the Taylor-Couette apparatus. This fact is a consequence of the nature of the Dean and Taylor-Couette vortices: the former appear at any flow rate as an intrinsic part of the basic flow, and the latter-as a result of bifurcation of the secondary flow from the basic one beyond a certain threshold. Thus the Dean vortices take up a significantly larger amount of the flow energy than the Taylor-Couette ones, and are accordingly stronger than the latter.
B. Mass transfer
A general analytical solution for quasistationary mass transfer through a liquid-liquid interface between a pair of counterrotating vortices is given in Ref. 4 for large Peclet numbers. In the case of Peӷ1 the mass transfer takes place in a thin boundary layer adjoining the interface, whereas far from this layer the concentration can be assumed to be constant. The local Sherwood number, corresponding to the quasistationary concentration distribution, can then be expressed as a function of the interfacial velocity. In the present case the only analytical flow field available is the one corresponding to a single-liquid case at small values of the Dean number ͑cf. ͑B5͒-͑B9͒ in Appendix B͒. It is appliable to the two-layer cocurrent (G 21 ϭ1) case only at 21 ϭ 21 ϭ1 and D→0, for which we undertake to derive an analytical solution for the mass transfer rate. Then, employing the general solution 4 for the concentration field and Eq. ͑C19͒ ͑see Appendix C͒, we arrive in the present case at the following result: Sh BL ͑ x ͒ϭ
where
It is readily seen that Sh BL (Ϯ1)ϭ0. Figure 6 shows the local Sherwood number Sh BL calculated as per Eqs. ͑18͒ and ͑19͒ for Rϭ1 and ϭ0.01. The profile of Sh BL (x) is characterized by a zero value in the middle of the interface and two local maxima, with the larger maximum corresponding to the inner part of the flow along the interface. Cross-section A of Fig. 1 corresponds to the results in Fig. 6 .
The instantaneous local Sherwood numbers obtained via time-dependent numerical modeling for the above-mentioned case (Rϭ1, ϭ0.01, G 21 ϭ1, 21 ϭ 21 ϭD 21 ϭ1) At Peϭ10 5 and relatively short integration times ͑Fig. 7͑a͒͒ the local Sherwood number is distributed almost symmetrically about the central point xϭ0 and has two almost equal maxima located to the right and left of the central point. With increase of the integration time, the mass transfer in the central part of the interface intensifies, so that these two maxima disappear ͑Fig. 7͑b͒͒. At long integration times (tϾ500), the local Sherwood number slowly decreases with time and its profile approaches a certain asymptotic shape, illustrated in Fig. 7͑c͒ . At a long integration time the profile is characterized by slow variation in the central part of the boundary and a steep decrease near the boundaries.
For Peϭ10 6 and short integration times, tϽ500, the distribution of the local Sherwood number is likewise characterized by two almost equal and symmetric maxima ͑Figs. 8͑a͒ and 8͑b͒͒. With increase of the integration time, these FIG. 7 . The instantaneous local Sherwood number calculated for Rϭ1, ϭ0.01, G 21 ϭ1, D 21 ϭ1, and Peϭ10 5 . The Reynolds and Dean numbers are Re ϭ0.125 and Dϭ0.141, respectively. The x axis represents the liquid-liquid interface, xϭϪ1 corresponding to the outer part of the toroidal pipe, and x ϭ1-to the inner part. The cross-section A of Fig. 1 is shown. ͑a͒ 10рtр80, ͑b͒ 80рtр4000, ͑c͒ tϭ4000. maxima are shifted from the central part of the interface toward the boundaries. At larger times, tϾ2000, the profile likewise acquires an asymptotic shape ͑Fig. 8͑c͒͒, qualitatively different from that for Peϭ10 5 . The profiles at t ϭ5000 and 7000 are zoomed in Fig. 8͑d͒ and are seen to have two non-symmetric and nonequal maxima, the larger one near the inner part of the torus boundary (xϭ1) and the smaller one-near the outer part (xϭϪ1). This agrees qualitatively with the analytical result ͑18͒ and ͑19͒ as per Fig. 6 . In agreement with the analytical boundary layer model, the profiles have a rather steep minimum between the two maxima, but unlike the former the minimum is located near xϭϪ0.5 instead of the analytically predicted xϭ0. The magnitudes of the local Sherwood number at the maxima in Fig. 8͑d͒ are also significantly larger than those in Fig. 6 . This shows that steady-state mass transfer has not yet been achieved in Fig. 8͑d͒ 6 . The Reynolds and Dean numbers are Reϭ0.125 and Dϭ0.141, respectively. The x axis represents the liquid-liquid interface, xϭϪ1 corresponding to the outer part of the toroidal pipe, and x ϭ1-to the inner part. The cross-section A of Fig. 1 is shown. ͑a͒ 10рtр150, ͑b͒ 200рtр2000 , ͑c͒ 2500рtр5000, ͑d͒ tϭ5000 and 7000. and calculation over much longer times will be required, which makes the process unaffordable.
Profiles qualitatively similar to the analytical one can also be observed at larger R numbers at very short integration times. This is illustrated in Fig. 9 . The calculations were performed for Rϭ10, ϭ0.01, G 21 ϭ1, and 21 ϭ 21 ϭD 21 ϭ1. The profiles have two maxima with the larger maximum near the inner part of the torus boundary, as predicted by the analytical model, and the minimum closer to the center of the interface xϭ0 ͑cf. Fig. 8͑d͒͒ and shifting toward xϭϪ0.5 as time increases. This deviation from the analytical prediction can be explained by mixing of the admixture inside the bulk of the Dean vortices, which affects the boundary conditions for the interfacial mass transfer already at a very early stage of the process.
The instantaneous concentration fields at large Reynolds and Peclet numbers, Reϭ100 and Peϭ10 5 , are shown in Figs. 10 and 11 . It is seen that the concentration isolines reproduce the streamlines of the transverse flow in the bulk of both liquids ͑cf. Figs. 2 and 3͒ . This means that at the large Peclet number, the mass transfer is almost completely dominated by the convective transport due to the transverse flow. However, diffusion represents the only mechanism of mass transfer through the interface. As was shown in Ref. 3 , enhancement of the mass transfer is due to the steeper concentration gradients at the interface created by the enhanced convective transport of the admixture. This leads to a higher mass flux even though the diffusion coefficients continue to be low. The corresponding distributions of the local Sher- each fluid layer ͑Fig. 15͑b͒͒. On the other hand, the effect of viscosity ratio 12 on the mass transfer rate in countercurrent flows is relatively small ͑Fig. 16͒.
To illustrate how the Dean vortices in two-layer systems enhance the mass transfer, the mass fraction m f at several fixed time moments is plotted in Figs. 17 and 18 versus the parameter R ͑or the Dean number͒ for several Peclet numbers. It is seen that increase of R from 0 to approximately 10 or 15 ͑increase of D from 0 to about 45 or 100͒ leads to steep increase of the mass transfer rates in both the cocurrent and countercurrent flows. Further increase of R ͑or of the Dean number͒ does not yield any significant increase of the mass transfer and sometimes even a slight reduction ͑Fig. 17͒. Note that the trend of variation of the mass transfer rate with R ͑or with the Dean number͒ corresponds to the trend of intensity of the vortical motion illustrated in Fig. 5 . In the case of cocurrent flow ͑Figs. 2 and 5͑a͒͒ the stream function reaches its largest value at RϷ25 ͑DϷ280͒ and then virtually saturates versus R ͑or D͒. Figure 17 shows that the mass transfer affected by this flow, steeply intensifies up to R Ϸ15 ͑DϷ100͒ and then likewise practically saturates. The position of the maximum of m f in Figs. 17͑a͒-17͑c͒ is almost independent of the Peclet number. Thus, the dependence of the mass transfer rate on the parameter R ͑or on the Dean number͒ correlates with the corresponding dependence of the vortex intensity ͑cf. Figs. 5͑a͒ and 17͒ . In the case of countercurrent flow ͑Figs. 3 and 5͑b͒͒ the maximum of the stream function of the transverse flow, as well as the quantity ⌽, steeply increase up to RϷ40 ͑DϷ715͒, and at larger values of R the quantity ⌽ almost saturates. The increase of the mass transfer rate in this case ͑cf. Fig. 18͒ corresponds to the range RϽ50 ͑DϽ1118͒, which also correlates with the estimated intensity of the vortices adjoining to the liquid-liquid interface. The steep growth of the mass fraction ͑and, therefore, of the mass transfer rate͒ in the countercurrent case of Fig. 18 corresponds to ReϽ25 ͑DϽ280͒ at Peϭ10 3 , to R Ͻ20 ͑DϽ180͒ at Peϭ10 4 , and to RϷ15 ͑DϽ100͒ at Pe ϭ10 5 . This means that there exists an optimal value of the parameter R ͑an optimal axial flow rate͒, which yields the most effective mass transfer through the liquid-liquid interface. This optimal value depends on the Peclet number, on the pipe curvature, and on the mode of axial flow ͑cocurrent or countercurrent͒. In any case, it is not very large and can be roughly estimated as RϷ20, which corresponds to ReϷ50 or DϷ180 for ϭ0.1. From the practical point of view this means that optimal mass transfer enhancement is reached at a moderate pressure drop, and there is no need to increase the axial flow rate beyond a certain point. This conclusion is valid for both the cocurrent and countercurrent cases, which do not differ too much.
It should be noted that we did not find any well-defined power scaling in the dependence of the intensity of the transverse flow on the parameter R ͑or on the Reynolds and Dean numbers; cf. Fig. 5͒ . As a result, there is no power-law scaling of the mass transfer rate versus the Peclet number either.
Finally, it is emphasized that the effect of variation of dimensionless curvature of the pipe on the flow field and the mass transfer rate was studied in the present work for two-layer flows in the range of ϭ0.01-0.1. Some additional numerical and experimental results on the effect of on single-layer fluid flows at the values of as high as 0.317 can be found in Ref. 7 . Both works, however, fully dispense with the possible torsion of the pipe axis, which might limit application of the present results to helical pipes. A recently published Ref. 25 and references therein shed some light on the effect of torsion on the transverse flow field in singlefluid flows. The numerical and experimental results of the latter work show that as pipe torsion increases at a constant Dean number, the structure of the transverse flow changes from two counterrotating vortices to a single-vortex type. Similar results for two-fluid flows are unavailable, and the present group has undertaken such calculations, which will be reported separately. It is clear that a transition from a two-vortex secondary flow to a single-vortex type will reduce efficiency of the method of enhancement of the interfacial mass transfer discussed in the present work. Therefore there should exist a limitation on the value of the dimensionless pipe torsion, which guarantees a two-vortex structure of the secondary flow and the enhanced interfacial mass transfer.
IV. CONCLUSIONS
Two-liquid flows in a coiled circular pipe with vanishing torsion and their effect on the mass transfer through the liquid-liquid interface are studied. Patterns of the Dean vortices appearing in the transverse flow are reported. In particular, it is shown that the flow along the immiscible liquidliquid interface is in opposite directions in the cases of cocurrent and countercurrent axial flow. In the countercurrent case the Dean vortices are found to split into two vortices in each liquid layer, which leads to a certain decrease in the velocity of the transverse flow. It is also shown that the intensity of these vortices does not increase monotonically with increase of the Reynolds ͑or Dean͒ number, albeit it virtually saturates at higher values of Re ͑or D͒. This results in a similar behavior of the mass transfer rate versus the Reynolds ͑or Dean͒ number. Both the cocurrent and countercurrent cases studied lead eventually to similar enhancement of the mass transfer.
It is shown that the Dean vortex flow considered can be an effective tool for enhancement of the mass transfer through liquid-liquid interfaces, especially in cases when the Schmidt number is large ͑e.g., Scϳ10
3 , as for proteins͒. It is emphasized that the Dean vortices provide a stronger mixing mechanism than the Taylor-Couette counterparts. It is also emphasized that such a coiled-pipe-based bioseparator/ bioreactor should not contain any moving boundaries and the flow inside it can be sustained for a long time. There exists an optimal value of the Reynolds ͑or Dean͒ number ͑optimal axial flow rate͒ which yields the most effective mass transfer enhancement. The optimal value was found to be about R ϭ20 ͑or Reϭ50 and DϷ180͒, which is not very high and can be easily reached in practice. No definite scaling law for the diffused mass fraction versus the Reynolds, Dean, or Peclet numbers was found.
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